Purpose: Dyslexia is one of the most common learning disabilities affecting millions of people worldwide. Although exact causes of dyslexia are not well-known, a deficit in the magnocellular pathway may play a role. We examined possible deficiency of magnocellular, as compared to parvocellular and koniocellular pathway function by measuring luminance and color perception. Methods: Visual stimuli consisted of a series of natural images, divided into layers of luminance, red-green and blue-yellow, which probed magnocellular, parvocellular, and koniocellular pathways, respectively. Thirteen children with dyslexia and 13 sex-and age-matched controls performed three psychophysical tasks. In the first task, subjects were instructed to match the contrast of luminance (magno) and red-green (parvo) images to that of the blue-yellow (konio) images. In the second task, subjects detected the isoluminant point of red-green images to probe parvocellular pathway. In the third task, temporal processing was assessed by measuring reaction time and percentage of correct responses in an identification task using four categories of images, activating all three pathways. Results: The dyslexic group had significantly elevated luminance and color contrast thresholds and higher isoluminant point ratio in comparison to the control group. Furthermore, they had significantly less correct responses than the control group for the blue-yellow images. Conclusion: We may suggest that dyslexic subjects might suffer from both magnocellular and parvocellular deficits. Moreover, our results show partial impairment of the koniocellular pathway. Thus, dyslexia might be associated with deficits in all three visual pathways.
INTRODUCTION
Dyslexia is a major neuro developmental disorder identified by noticeable difficulty in reading ability. Which is not correlated with intelligence, age, socioeconomic status or educational opportunities, and occurs in the absence of neurological disorders or sensory impairments. [1] Dyslexia is the most common learning Psychophysical Evidence for Impaired Magno, Parvo, and Konio-cellular Pathways in Dyslexic Children visual processing, [9] [10] [11] [12] attentional deficits, [13] impaired eye movements, [14, 15] and abnormalities of processing [7, 16] as the main cause.
The human visual system is composed of three anatomically distinct parallel pathways (magnocellular M, parvocellular P, and koniocellular K) projecting from the magno, parvo, and koniocellular ganglion cells to the lateral geniculate nucleus, and through there to the primary visual cortex V1. These sub-systems have distinct structural and spatiotemporal characteristics. P cells are small with less myelin, are color-opponent (so-called red/green), and have low contrast sensitivity, high spatial, low temporal resolution, and low conduction velocity. [17, 18] In contrast, M cells, are large cells with more myelin which are activated by achromatic low spatial frequencies, have high contrast sensitivity and temporal resolution with a high conduction velocity. [19] K cells are less abundant and carry color opponent signals (so-called blue/yellow). [18] Since these pathways respond optimally to different visual stimuli, it is possible to probe each pathway using its preferred visual stimulus. This approach provides an alternative method to assess many deficits in the visual system. [18] Magnocellular visual pathway impairment has been reported a possible cause of dyslexia. [9, 20, 10, 11] Reduced sensitivity to luminance patterns and motion displays with high temporal and low spatial frequencies has frequently often been reported. [21, 22] Furthermore, decreased sensitivity to coherent motion in random dot kinematograms has frequently been found in dyslexia. [23, 24] Performance for tasks related to color and form is often reported to be intact. [25] Even though these results might suggest a magnocellular deficit in dyslexia, several authors have criticized this hypothesis [26] [27] [28] [29] [30] and some experiments have failed to find any significant differences between normal and dyslexic groups by these measurements. [31] critics of this hypothesis often point out that the deficit in contrast sensitivity does not necessarily equate a deficit in magnocellular pathway, and reading is a complicated task requiring many different visual functions. [30, 32] In addition, since isoluminant stimuli are not ecological, the resulting neural responses might be very different than what magno and parvocellular pathways encounter in real life. Although isoluminant stimuli might activate pathways other than the target pathway, there is still a large significant correlation between the responses and the target pathway's function.
Most previous studies of dyslexia employed simple stimuli such as gratings or random dot patterns [33, 34] which are often not encountered in the ecological world, whereas visual system may respond optimally to more ecologically valid stimuli such as natural scenes. Moreover, natural scenes contain a rich set of color and frequency information with specific ratios (~1/f) and a much higher energy at low spatial frequencies that might be suitable to probe any possible changes in magnocellular pathway in dyslexia, though a disadvantage of using intact natural scenes as stimuli is the inability to control spatial frequencies. Therefore, in the experiment described in this paper, we employed natural scenes to investigate possible differences in magno-, parvo-, and koniocellular functioning in dyslexic and normal children, particularly in a more natural situation.
Previously, impairments in contrast sensitivity and spatiotemporal processing have been reported, but limited impairments in color and form perception have been observed. [25] However, many of these studies employed vastly different visual stimuli, which might lead to results that are not directly comparable. In addition, in light of some studies failing to find differences in contrast sensitivity employing different visual stimuli, [31] the information content of the visual stimulus might be extremely important in probing the deficit. Thus, in this study, we employed the same visual information, to probe luminance and color contrast deficits, color processing, temporal and form processing. This approach enables us to directly compare the results using identical visual information.
In addition, studies of color processing in dyslexia often ignored any possible deficits in the koniocellular pathway and did not investigate deficits in processing of the blue-yellow layer. However, changes in blue-yellow processing might affect the functions of the magnocellular pathway. [35, 36] Furthermore, there might be important impairments in the processing of blue-yellow information that might have been ignored. Therefore, to probe any possible deficits in the koniocellular pathway, we measured the contrast sensitivity, temporal and form processing in the blue-yellow layer as well.
In the first experiment, we probed luminance and color contrast impairments by measuring the perceived luminance and color contrast thresholds in dyslexic and normal groups. In the second task, we used the same visual stimuli to measure red-green isoluminant points in both groups. This experiment probed any parvocellular processing deficiencies in dyslexics. In the third experiment, the spatiotemporal and form processing were assessed by rapid scene category detection. Together, these experiments measured any changes in three pathways comprehensively, using ecological and identical visual stimulus.
METHODS

Visual Stimuli
The experiments were performed on a PC (Dell) and stimuli were displayed on a Cathode-ray-tube monitor (CRT, LG, Korea, 640 × 480, 100 Hz) that was calibrated with mean luminance of 28.39 cd/m 2 . Visual stimulus was generated using Matlab (Mathworks, USA) with Psychtoolbox extensions [37] and consisted of 20 natural scene images including animals, foliage, flowers and fruits taken from the McGill calibrated color image database. [38] Images are selected with similar color contents and spatial frequencies based on the authors' estimate. The images were stored as uncompressed tagged image format files with 1920 × 2560 pixel resolution and 24 bits color depth, respectively. Using the spectral sensitivity of camera sensors and the sensitivities of the L (Long-), M (Middle-) and S (Short-wavelength-sensitive) cones from Smith and Pokorny (1975) , [39] a conventional 3 × 3 matrix was employed to convert the RGB camera values to LMS cone excitation. [38] A modified version of Ruderman color space was employed to model three post-receptoral channels of human vision. [40] Using these measures, the images were divided into layers of luminance, red-green and blue-yellow, respectively. This method has previously been used for psychophysical experiments. [41] Subjects A total of 26 children aged 7-13 years old participated in the study; 13 (7 females) had been diagnosed as dyslexic earlier by a qualified psychologist. Inclusion criteria required dyslexic children to have normal intelligence (intelligence quotient >88), reading score below 30 th percentile on the analysis of persian reading ability (APRA), no uncorrected visual or auditory deficit, and no history of other neurological or psychiatric disorders. Color vision was evaluated using Ishihara color vision plates. Intelligence was assessed with the Raven's Colored Progressive Matrices test. [42] Thirteen age-matched controls (7 females) were recruited using the same criteria with the exception that their reading score was above the 30 th percentile. Word reading, a subtest of (ARPA), was employed to evaluate reading accuracy. APRA is a reading test for Persian speaking children [3] based on the "Neale Analysis of Reading Ability". [43] This subtest consisted of 6 cards. The first card which contained 10 words from all 5 educational years (2 words were selected from each year) was used for practice and other cards were allocated to each of the 5 years containing 22 words (overall 110 words). Word selection was based on 2 criteria: The rate of complexity and word frequency calculated from Iranian national curriculum textbooks (years 1-5). The subtest has acceptable validity and reliability with a construct validity of (r = 0.54, P < 0.001) and the overall reliability with Cronbach's Alpha of 0.98 Valipour, 2012. [44] All experiments conformed to the university human ethics committee guidelines and written parental consent was obtained prior to participation in the experiments. All experiments adhered to the Declaration of Helsinki.
General Procedures
Prior to the main experiment, intelligence and reading performance were assessed as described above. The subjects viewed the monitor from a distance of 50 cm under normal room illumination and binocular viewing conditions. The experiments were split into 3 blocks of approximately 15 minutes each, lasting 45-60 minutes in total. Subjects were allowed breaks whenever necessary to avoid discomfort.
RESULTS
Experiment 1
In the first experiment, possible deficiencies in the three pathways in dyslexic children were measured using a contrast matching task. In each trial, three different versions of one image were shown. The blue-yellow layer of the image was shown on the left side of the screen, and the red-green and luminance images were shown on the right [ Figure 1 ]. The subjects were instructed to adjust the perceived contrast of the two images located on the right side of the screen (red-green and luminance) to match the one on the left side (blue-yellow).The contrast of the blue-yellow image was fixed at a random value at the beginning of the trial. The subjects could spend as much time on each image before reaching a decision. Upon satisfactory response by the subjects, the experimenter initiated the presentations of the next set of images. Twenty randomly interleaved images were presented in this experiment. Since the perceived contrast of the blue-yellow channel is lower than red-green and the luminance channels a contrast ratio often between zero and one was obtained. All luminance and color contrast ratio results are shown in Figure 2a with the control group in dark circles and dyslexic group in light squares. The average luminance and color contrast ratios of all 20 images for each subject are shown in Figure 2b . A Mann-Whitney U-test confirmed significant differences between the two groups in Luminance contrast (u = 13, P = 0.001). An independent t-test also revealed significant difference in color contrast between the 2 groups (t = 2.172, P = 0.04) [ Figure 3 ].
Experiment 2
In the second experiment, we probed color processing in dyslexic subjects by measuring the red-green isoluminant point. The subjects were instructed to adjust the color luminance of the image to equate the color luminance of the red and green parts. On each trial, the red-green layer of the images employed in experiment 1 was shown, and the subject was instructed to adjust the ratio of luminance for the red and green parts of the image. The subjects could spend as much time as desired before reaching a decision. Upon satisfactory response, the experimenter initiated the next trial. Figure 4 shows an example of visual stimuli in this experiment along with the original image. An independent t-test showed significant differences (t = 2.156, P = 0.041).
The average red-green ratio for the dyslexic group was higher that of the control group [ Figure 5 ]. The isoluminant point can be used to measure the ratio of long-wavelength-sensitive (L) to medium-wavelength-sensitive (M) cones (L/M ratio) of P cells. This result may indicate different L/M ratio in P pathway between the two groups.
Experiment 3
In the third experiment, we assessed spatiotemporal and form processing in these pathways. A total of 80 images were divided into 4 categories. The first 3 categories were identical to the ones we employed in the first experiment, and the last category was the original images. The subjects had to judge whether there was an animal in the image. Each image appeared on the screen until the subject pressed the according button response. After an inter-trial interval of 1 second, the next image appeared on the screen. Subjects were instructed to respond as quickly and accurately as possible after the onset of the image on the screen. The reaction times and response accuracy were recorded for each trial. Reaction time distribution for the magnocellular activating images is shown in Figure 6a . Results for parvo and konio cellular pathway images are shown in Figure 6b and c. The parvo reaction times were largely similar, whereas the magno and konio reaction times and konio reaction times increased in the dyslexic group. The average reaction times in dyslexic and control groups are shown in Figure 7a . The dyslexic group had slightly higher reaction times for magno (luminance) and konio (blue-yellow) pathways, whereas the reaction times were very similar for parvo (red-green) and original images. However, these changes were not statistically significant by multivariate analysis of variance (MANOVA) test. It should be mentioned that reaction times did not correlate with age in either group. The average number of accurate responses between the dyslexic and control groups is shown in Figure 7b . There was no significant correlation between response accuracy and age of the subjects. The average number of correct responses was lower for konio (blue-yellow) and parvo (red-green) whereas it was very similar for magno (luminance) and original images. The same MANOVA analysis confirmed that dyslexic subjects were significantly less accurate in the koniocellular pathway stimulus (blue-yellow) (F [1, 24] =13.288, P = 0.001), showing a possible deficiency within this pathway. No statistical differences were observed in response accuracy to other series.
DISCUSSION
In the experiments described in this paper, we measured luminance and color contrast processing, as well as reaction times and response accuracy for object identification using natural scenes. Our results demonstrated that dyslexic children are less sensitive than normal controls to luminance and color contrasts. This may indicate deficits in both magno and parvocellular pathways. Alternatively, this difference may indicate differences in LMS cone ratios, which have been shown to vary significantly in normal subjects. [45, 46] 
Comparison to Previous Psychophysical Results
Our results are compatible with reductions in contrast sensitivity especially for luminance patterns, previously reported using other types of visual stimuli. [9, 21] Some previous studies on dyslexia failed to find any differences in contrast sensitivity. For example Gross-Glenn et al, [47] Figure 5. Average red-green iso-luminant points in dyslexic and control groups. The dyslexic group showed higher isoluminant points. examined contrast sensitivity through temporally ramped gratings and failed to find any differences between dyslexic subjects and the controls. The increased threshold of color contrast may indicate dysfunctional parvocellular processing. This result is consistent with the findings reported by Farrag, Khedr, and Abel-Naser, [27] who found that dyslexia might be related to deficits in the parvocellular pathway in Arabic-speaking children. Interestingly, dyslexic subjects also had higher isoluminant point ratios than the control group. In other words, this group had higher L/M ratio.
Previous studies have shown that the number of L and M cones varies between individuals. [45, 48] According to indiscriminate L-and M-cone inputs to chromatic (L-M) mechanism model proposed by Mullen and Kingdom, [49] subjects with more symmetrical L/M ratio have more color opponency and color contrast sensitivity. In contrast, subjects with higher L/M asymmetry have lower color contrast sensitivity. This pattern was seen in dyslexic subjects participating in the current study. They had higher L/M asymmetry and color contrast threshold. In another study, Gunther and Dobkins [50] found a significant correlation between L/M ratio and color contrast sensitivity. Our findings points to asymmetric L/M ratio and impairment of the parvocellular pathway in dyslexia.
Our reaction times results are consistent with the results of Sigmundsson [51] who investigated the effect of visual processing deficits on a response time task and found that dyslexic subjects had longer reaction times to respond to driving signs. Thus, dyslexic subjects require longer presentation times on average than normal subjects especially for blue-yellow and luminance images.
Poor accuracy on the first category of the images might reflect a disruption in koniocellular processing suggesting that this pathway may also play a role in reading. Furthermore, investigating the koniocellular pathway has largely been ignored in dyslexia so far. However, in one of the few studies examining blue-yellow stimulus, Dain, Floyd and Elliot [52] found that dyslexic individuals had decreased thresholds for blue-yellow stimuli contributing to positive impacts of colored lenses. These results suggest that the deficit in dyslexia might not be limited to the magnocellular pathway and create new directions for research in dyslexia.
Possible Limitations
Employing isoluminant and luminance stimuli have been shown to be useful in probing pathway functions. However, this technique has some inherent limitations. The isoluminant stimuli can possibly activate the magnocellular pathway to some degree. Furthermore, results from electrophysiology might suggest that there are some neurons still responding at isoluminant points. Nevertheless, these neural responses might be due to the non-optimality of the stimulus to the specific neuron and might not matter at the pooled responses observed by psychophysics. Despite these possible limitations, a significant correlation exists between psychophysical responses to isoluminant and luminance images and pathway functions.
Our results confirm the magnocellular and parvocellular deficits and indicate partial impairment of koniocellular pathway in dyslexia. These results suggest that all three pathways might be involved in reading. Our findings also suggest that natural scenes can be an ideal form of stimulus to probe changes in dyslexia. (a) Reaction times and (b) response accuracy in the object identification task for control and dyslexic groups for konio (blue-yellow), parvo (red-green), magno (luminance), and original images. The Dyslexic group showed higher average reaction times in konio (blue-yellow) and magno (luminance) images. The dyslexic group also demonstrated lower performance in the identification task for konio (blue-yellow) and parvo (red-green) images. 
